1.
Single motor-unit firing rates have been recorded during maximal voluntary contractions using tungsten microelectrodes. Over 300 units from four subjects were sampled from each of three muscles. These were the biceps brachii, adductor pollicis, and soleus, chosen because of known differences in their fiber-type composition and contractile properties.
2. In all cases the contraction maximality was assured by delivering single supramaxima1 shocks during the voluntary contractions. All motor units were deemed to have already been fully activated if no additional force resulted. Thus for each muscle, the firing rates elicited by a maximal voluntary effort are sufficient to generate a fully fused tetanus in each motor unit.
3. For the biceps brachii and adductor pollicis muscles, the mean firing rates (+SD) were 31.1 + 10.1 and 29.9 + 8. 6 Hz, respectively, while for soleus they were only 10.7 + 2.9 Hz. For each muscle the firing rates distribution covered approximately a fourfold range about the mean value. 4 . The mean firing rates for each muscle varied roughly in proportion to their respective twitch contraction and half relaxation times. These contractile time measurements for both biceps brachii and adductor pollicis agreed well with the mean values reported for human fast-twitch motor units, while those for soleus fell in the range observed for human slow-twitch units.
5. An argument is presented that suggests that, in response to voluntary effort, the range of discharge rates of each motor-unit pool is limited to those only just sufficient to produce maximum force in each motor unit. This suggestion is based on the relationship between the range of motor-unit firing frequencies observed during maximum voluntary contractions, their range of contraction times, and the stimulation frequencies required for maximum force generation. The implications of this hypothesis for motor control are discussed.
INTRODUCTION
In voluntary contractions, the central nervous system regulates muscle force by changing the number of motor units recruited. Additional force regulation is achieved by varying the individual motoneuron firing rates. Each unit can thus contribute forces ranging from a series of single twitches to that of a fully fused tetanus. Once maximum force has been established, no useful purpose is served by any further increase in motoneuron discharge rate. The excitation frequency required for maximum force generation is proportional to the muscle contractile speed. This varies between muscles: the slower the muscle, the lower is its tetanic fusion frequency (5, 1 1). At present it is not clear what the motoneuron firing rates may be when maximum force is generated, how these may vary between muscles and motor-unit types, or whether motoneurons can be driven continuously at supratetanic rates.
Many previous studies have followed changes in motoneuron discharge rates as voluntary force increases (3, 21, 25, 26) . However, most have failed to distinguish the potentials arising from clearly identified single units at forces greater than 75-80% maximal voluntary contraction (MVC) because, with conventional electrodes, interference patterns occur due to the electrical activity of surrounding units.
Recently, the measurement of individual motor-unit firing rates during MVCs was made possible by the use of tungsten microelectrodes (4). These electrodes provide a high signal-to-noise ratio, allowing clear identification of single muscle-fiber potential trains even at the highest forces. In the present study, this technique was employed to determine the range of motor-unit firing rates during maximal voluntary contractions of three human muscles differing in contractile properties and histochemical fiber composition. The human biceps brachii is composed of about equal proportion of type I and type I1 fibers (8, 20) , while both the soleus and the adductor pollicis muscles have a much greater proportion of type I fibers (8, 14, 20) . A good correlation has generally been observed between the percent type I1 fiber composition of a muscle and its twitch contraction time (8, 9, 11) . However, within any one histochemically determined fiber type, a wide range of contraction times have been observed between different individual motor units, and these vary in different muscles as well as between species (1 1). In the present study no histochemical analyses were performed. Rather, we have attempted to determine whether the upper limits of motoneuron firing rates generated by each motoneuron pool during maximal voluntary contractions varied in relation to the overall mechanical properties of the particular muscles they supply.
METHODS
Recordings were made from the biceps brachii, adductor pollicis, and soleus muscles of four normal subjects, both male and female, who ranged in age between 30 and 55 yr. All gave their informed consent.
Force and motor-unit firing rates were measured during a series of brief (10 s) MVC, executed once each 3 min. The rest interval between contractions was sufficient to maintain the force at its control level throughout each experimental session. Each muscle was studied in repeated sessions on different days.
Force
The isometric force produced by the adductor pollicis was recorded from a strain gauge as described by Merton (24) and subsequently modified (4) . For soleus and biceps brachii, isometric force was recorded from a strain-gauge apparatus similar to that described by Marsh et al. (23) and by Woods and Bigland-Ritchie (30) . Briefly, the apparatus consisted of a horizontal plate on which either the foot or the forearm rested. The plate was rigidly mounted onto one end of a steel bar, the other end of the bar being fixed. The force applied to the plate was sensed by a strain gauge mounted on the steel bar. The axis of rotation of the plate was aligned with that of the ankle or of the elbow. With the subject in a sitting position, the elbow or knee angle was kept at 90' by bracing the shoulder or the knee in the appropriate position.
Single muscle jiber-potential recording electrodes
Potentials from single muscle fibers were recorded using a tungsten microelectrode. This electrode has been described in detail previously (19) . It consists of a 5-cm-long, 0.2-mm diameter insulated tungsten shaft with a 10-to 15-pm exposed tip. For successful recording of single fiber potentials with a high signal-to-noise ratio, an electrode impedance greater than 100 kQ was generally required.
Electrode manipulation and recording sites
Before inserting the electrode the skin was punctured with an hypodermic needle. The electrode was then inserted through the hole until its tip lay just under the muscle surface. This was revealed during a gentle ongoing contraction by the sudden appearance of clear uncontaminated spike trains. During each of the subsequent maximum force contractions, the needle was further slowly and progressively advanced (typically 1-3 mm at each contraction) such as to record trains of potentials from as many muscle fibers as possible. Characteristically, spike trains such as those shown in Fig. 1A were obtained.
For the adductor pollicis muscle, the needle was generally inserted through the palmar surface of the left hand in the midline between the first and second metacarpal joints, approximately 0.5 cm distal to the border of the opponens pollicis. Because the adductor pollicis is thin in this plane, the needle was frequently withdrawn and reinserted at a different angle or in an adjacent location. Occasionally, the needle was also inserted from the dorsal surface of the hand in the angle formed by the thumb and the first metacarpal bone. In these cases the electrode traveled parallel to the largest plane of the adductor pollicis.
For biceps brachii, the electrode was inserted in the muscle of the right arm either medially or laterally at the level of the midbelly. Recordings from the soleus were made from the lateral surface of the right leg, the needle being inserted 2-4 cm below the lower border of the lateral head of the gastrocnemius muscle. Because of the large crosssectional area of both the biceps and soleus muscles, the needle could be advanced over its entire length (4-5 cm) before being withdrawn and reinserted. For each subject the needle was reinserted in at least three separate locations, each typically 0.5 and 1.5 cm distal to the first one, respectively.
Assessment of contractile speed and contraction maximality
Twitches were recorded from the relaxed muscles for measurement of contraction times and half relaxation times. These were elicited by a single shock delivered percutaneously using a square-wave pulse of 50-100 ps duration. The voltage employed was at least 20% greater than that required to produce a maximum response. For adductor pollicis, the stimuli were applied percutaneously over the ulnar nerve at the wrist; for the biceps brachii and soleus muscles, large plate electrodes were applied over the muscle belly and tendon.
A single maximal shock delivered during ongoing voluntary contractions was also employed to test whether our subjects could fully activate all their motor units by voluntary effort. The shock was delivered while the subjects exerted graded-to-maximum voluntary contraction forces, a method previously described by Denny-Brown (12) and employed more recently by Belanger and McComas (2) . If no force increment resulted during maximal effort, then all motor units were deemed to have already been fully activated by the voluntary activity.
Data recording and analysis
After suitable amplification (10 Hz to 4 kHz) all signals were recorded on tape for later analysis together with 0.1-Hz signal pulses with which the onset of each 10-s voluntary contraction was synchronized.
The recorded spikes originated from single muscle fibers (see below) but their firing frequency was considered to represent that of the motoneuron that supplied them. The method used to analyze motor-unit firing rates has been described previously (4) and is illustrated in Fig 1. The 0.1-Hz signal was used to trigger a Digitimer. After a variable measured delay, the first Digitimer gate triggered the oscilloscope such that any spike-train sequence could be displayed over an appropriate time period. In Fig. 1 A, a sequence of spike trains recorded over the whole contraction period (10 s) is shown. Characteristically, the amplitude of the potentials waxed and waned as the needle was progressively advanced into the muscle and presumably as it moved from one muscle fiber to another. With this recording technique, several potential trains could be recorded in each contraction. In Fig. 1 B, a single train isolated from the sequence shown in A is displayed on a faster time base. The gates 2 and 3 of the Digitimer were then each set to coincide, respectively, with the onset and termination of a clearly uncontaminated portion of each spike train, which in Fig.  1 B corresponds to the 1 s gate duration. The spikes during this period were fed to a window discriminator and the pulse output counted digitally. These pulses were also fed to a BAK instantaneous rate meter, the output of which was also monitored to evaluate the interspike-interval variability over the selected time period, as shown in Fig. 1C .
The mean frequency of each spike train was calculated and manually entered into a TRS 80 microcomputer together with the time after the onset of the contraction during which the counts were made. The firing rates were grouped into 3-Hz bins and histograms generated. Any variations in force or mean firing rate with time after the onset of each contraction could also be evaluated.
RESULTS

Contractile speed
The contractile speed of biceps brachii, adductor pollicis, and soleus were estimated from the time course of single twitches elicited by supramaximal shocks. the group mean values (LSD) of contraction time (CT), and half relaxation time (' /2 RT), each defined as the time elapsed from the twitch onset to peak force and from peak to half-force decay, respectively. The total time course of single twitches as well as the respective CT and l/2 RT values were similar in adductor pollicis and biceps brachii. The corresponding values for soleus were about 50% longer.
Contraction maximality
The ability of our subjects to generate and maintain for 10 s a maximal contraction was assessed periodically by superimposing every 2 s a single maximal shock on the voluntary contractions. As shown in Fig. 3A and B, the amplitude of the evoked twitches decreased as the voluntary force increased. When the subject developed maximal force ( 100% MVC), the single shocks resulted in no force increment. Rather, a depression of force followed each single shock, probably secondary to the electrical silent period (antidromic collision) that characteristically follows nerve stimulation. Results similar to those shown in Fig. 3 were obtained in all subjects and for each of the three muscles studied. These suggest that all motor units were fully activated to respond tetanically by the voluntary effort and that such maximal activation was maintained throughout each contraction.
Single fiber-potential recording
Typical recordings from two units firing at slightly different frequencies are shown in Fig. 4A . These were obtained from the biceps brachii of the same subject and are representative of the average motor unit from this as well as the adductor pollicis muscles. Similar recordings were also obtained from soleus, an example of which is shown in Fig. 1 . For each unit the spike train is characterized by the high signal-to-noise ratio of the potentials. Their amplitude varied between 5 and 50 mV, the majority being in the 10-to 25-mV range. The middle panel displays the instantaneous firing rate of each unit for a selected time period. The mean firing rates for these two units were 33 and 25 Hz, respectively. The regularity of each spike train suggests that all the potentials originate from the same single unit. Typically the firing rate variability of any one unit was within 20-30% of the mean firing rate. Isolated potentials from each spike train are displayed on a fast time base in Fig. 4C . Generally the potentials had a rise time of about 1 ms and their amplitude, shape, and duration suggested that each originated from a single muscle fiber.
Using these criteria (signal/noise ratio, interstimulus interval (ISI) variability, potential shape, etc.) spike trains such as those shown in Fig. 4 were considered to represent the activity of a single muscle fiber and of the individual motoneurons that excite them. It must be pointed out, however, that sometimes potentials from two units, each with a similarly high signal-to-noise ratio, were recorded simultaneously (Fig. 5) . Any contamination between the activity of two or more units always gives rise to falsely high counts. Usually interference of this type could easily be detected because it also produces highly irregular interspike intervals. This is shown in period B of Fig. 5 . However, in the time period A there are potentials from two units, each firing regularly at about the same rate (16 Hz) but approximately 180' out of phase. In such cases the interspike intervals remained quite regular, and a false rate of 32 Hz could easily be recorded as being that from a single unit. However, with our recording technique the electrode moved continuously such that the spikes from each unit could be differentiated by observing the changes in their respective potential amplitudes as the electrode moved from one unit to the next. Clearly, in period A the amplitude of the first unit declined while that of the second increased. If this particular recording technique had not been employed, falsely high firing rates sometimes could have been recorded. Frequency distribution of muscleJiber firing rates Figure 6 shows the firing rate histograms of the pooled data for all units from each of the three muscles. The mean firing rate of more than 300 units in biceps brachii was 3 1.1 f 10.1 (SD) Hz, with a range from 12 to 60 Hz. A similar range of firing rates was also found in adductor pollicis with a mean for 270 units of 29.9 f 8.6 (SD) Hz. For soleus, however, the results were quite different (Fig. 5B) . The group mean firing rate was only 10.7 f 2.9 (SD) Hz, with a range of [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] Hz. Yet, by the criteria described above, all the contractions appeared to be maximal. Such low frequencies were seldom encountered in biceps brachii or adductor pollicis.
For each individual, the firing rates for each muscle were approximately normally distributed about the mean value. However, as illustrated in Fig. 7 , the means varied somewhat between individuals, thus accounting for the non-Gaussian distributions of the pooled data in Fig. 5 . In general, subjects with the higher mean firing rates for one muscle also showed higher mean rates in the others. Figure 7 compares the firing rate histograms for the two subjects showing the greatest differences. The mean values for each muscle varied by 30-40% between these two subjects.
Efect of sampling size and duration of contraction on mean firing rates estimation
Recordings were made from a large number of fibers from each muscle, suggesting that their firing rates were representative of the whole muscle population. However, in view of the substantial variations in the firing rates seen in different subjects, it was important to test whether these individual variations were due to bias errors related to sampling size. When comparing the variability between smaller samples in the same subject, no systematic differences were found in the mean firing rates from one contraction to another as the experiment progressed, nor were changes in the mean firing rate observed when the electrode was reinserted in a different location. There was, however, a tendency, particularly in the adductor pollicis, for the firing rate to decline with time during the course of each contraction, as observed previously (4) . DISCUSSION These results indicate that the upper limit of motoneuron firing frequencies in response to voluntary efforts varies for different human muscles in proportion to their twitch contraction and half relaxation times. The twitch contraction time is an index of the speed of contraction of the muscle (1 1). Since tetanic fusion frequency is also proportional to contractile speed, these findings suggest that the range of maximum discharge rates from each motoneuron pool is limited to the minimum required for maximum force generation.
The use of tungsten microelectrodes allows single motor-unit firing rates to be measured accurately during maximal voluntary contractions (4). These frequencies have now been recorded from populations of motor units during maximal contractions of three human muscles; the biceps brachii, adductor pollicis, and soleus, chosen because of known differences in their contractile speed and motor-unit composition. All potential trains had a high signal-to-noise ratio so that their frequencies could be measured accurately. The large number of units examined, approximately 300 each, provided a representative sample of the total activity of each muscle.
In previous studies using conventional recording electrodes, the isolation of single-unit firing rates during high-force contractions has not generally been possible because the potentials arising from single units could not be clearly distinguished from each other at forces exceeding about 75-80% MVC (2 1,26 
Possible sample bias
The waveform and duration of the potentials recorded with tungsten microelectrodes are characteristic of those of single muscle fibers (4) . Their frequency measures the discharge rate of the motoneurons by which they are excited. However, each motoneuron activates many muscle fibers, and these may be distributed over about one-fifth of the total muscle cross section (9, 1 1). In any electrode penetration it is, therefore, likely that separate recordings may be made from two or more fibers of the same unit, and the likelihood of such multiple recordings increases with unit size. Motor-unit innervation ratios vary widely within a single muscle and may range from 20 to 2,000 between different human muscles (9) . Thus while the firing rate histograms shown in Figs. 6, 7, and 8 are representative of the frequencies of the fiber potentials in each of the muscles examined, caution must be exercised when relating these to the frequency distribution of the corresponding motoneuron pool. The overall range must be the same but the mean values may be substantially biased if the discharge rates of motoneurons supplying the larger motor units are different from those of the population as a whole. A similar bias may also be introduced if the cleanest records, i.e., those most frequently selected for analysis, came more often from fibers of larger diameter. Moreover, as shown in Fig. 5 , potentials of similar amplitude and frequency were sometimes recorded simultaneously from two units firing almost exactly out of phase. These can easily be mistaken for a single unit firing at twice the actual rates. This type of contamination may be respon-sible for some of the high rates reported in the literature. While great care was taken in the present study to avoid this, it is possible that it could have accounted for the small number of units reported here to fire at 50-60 Hz.
Firing rates in different muscles
The results of the present study together with those of Bigland-Ritchie et al. (4) define the range and upper limit of motor-unit discharge rate that can be sustained by maximal voluntary effort. In the present study the mean firing rate estimation for 270 units in adductor pollicis was 29.9 + 8.9 Hz, i.e., slightly higher than that reported previously (4). The higher rate was mainly due to the addition of one subject who consistently showed higher firing rates in all three muscles studied.
The mean firing rate for biceps brachii was similar to that of the adductor pollicis, while that of the soleus was only 10.7 + 2.9 Hz. Thus the range and upper limit of motoneuron discharge rates varies considerably from one muscle to another. Furthermore, these firing rates also vary somewhat among subjects. In this limited study these intersubject variations were consistent for each of the three muscles investigated.
We were unable to account for the lower mean value for soleus on the basis of a reduced effort by the subjects. As with the other muscles, the force generated during sequential contractions of the soleus was highly repeatable and characteristic for each subject. Furthermore, no increment of force could be detected when twitches were superimposed during each maximum voluntary contraction (Fig. 3) . This suggested that, for this muscle, the lower firing rates recorded were still sufficient to generate full force in each motor unit.
Differences between the discharge pattern of motor units from different human muscles have been reported previously. Higher firing rates occur in proximal and small intrinsic hand muscles than in large postural limb muscles (7, 11) . Motor units in biceps brachii, adductor pollicis, first dorsal interosseous, and extensor digitorum communis fire between 8 and 12 Hz when first recruited and thereafter increase their firing rate almost linearly with force to reach [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] Hz in the force range of 70-80% MVC (3, 21, 25, 26) . In the soleus, however, the recruitment frequency is 6-10 Hz, with little further change as the force increases (7, 27) . Desmedt and Godaux ( 13) found that these differences also persist during ballistic contractions lasting less than 150 ms, i.e., too short a period to permit reflex adjustment of the motor-unit discharge rates. In the soleus, the motor units generally fired only once in each ballistic eontraction, while short bursts of two to three potentials (e.g., 25-35 Hz) were found in the other muscles tested (first dorsal interosseous and masseter) (13) . However, some of the highest rates have been reported from the tibialis anterior muscle (18) , which suggests that the upper limit of firing rates is determined by some property of the muscle rather than its axial location. Differences in firing rates among different muscles have also been attributed to differences in the mode employed for force regulation: Some muscles rely almost exclusively on rate coding (25, 29) , while others recruit additional units throughout the entire force range (13, 21) .
These differences in the firing patterns of the motor units in each muscle all suggest that the excitatory drive to these motor nuclei are organized in different ways; or alternatively, that the response patterns of the constituent motoneurons differs from one motoneuron pool to another.
Excitation frequency and muscle contractile speed
The excitation frequency required to generate maximum force in a muscle or motor unit (tetanic fusion frequency) is proportional to its contractile speed (1 1). Once maximum force is attained, no useful purpose is served by further increases in the excitation frequency. It has generally been found that most human muscles can be fully activated by voluntary effort and that the force generated matches that from supramaximal tetanic nerve stimulation (3, 5, 15, 18, 24) . However, Belanger and McComas (2) found that some subjects were unable to fully activate their plantar flexor muscles, while this could be consistently achieved for dorsiflexors. In the present study, for each of the three muscles investigated no additional force resulted when a single maximal shock was superimposed on each maximal voluntary contraction. Grimby, Hannerz, and Hedman (18) found that full activation of the anterior tibialis could only be attained after considerable subject training. Thus, for most muscles in trained subjects, all motor units can be made to respond with a fully fused tetanus during MVC. In these conditions, the differences in firing rate between either the biceps brachii or adductor pollicis and that of the soleus may reflect, at least in part, a corresponding difference in the fusion frequency required to fully activate muscles with different contractile speeds. This is supported by the similar contraction and half relaxation times of single twitches in the biceps and adductor pollicis, while the corresponding values for soleus were about 50% longer (Fig. 2) . Although the time course of single twitches recorded from whole human muscles in situ must be interpreted with care, our results are in general agreement with those of Buchthal and Schmalbruch (8) who measured the twitch contraction times of small fiber bundIes of each of these muscles with a force transducer implanted directly into the tendon. For adductor pollicis and biceps brachii, they reported almost identical mean contraction times of about 5 1 f 12 ms, while for soleus the mean contraction time was 74 k 10 ms, i.e., 50% longer. The differences in contraction times observed in the present experiments for these muscles are thus comparable with theirs. Moreover, they also found that the mean values obtained from small fiber bundles agreed well with the twitch contraction times measured externally from the whole muscle. The somewhat longer contraction times measured in our study may be due to a lower muscle temperature or to slightly different measurement criteria. Nevertheless, the mean contraction times measured here for biceps brachii (or adductor pollicis) and those for soleus lie close to the corresponding values reported in these and other muscles for individual human fast-and slow-twitch motor units, respectively (8, 10, 17) .
Contraction time and musclefibertype composition
The 50% difference in contraction time between the biceps brachii and the soleus is reflected in their respective histochemical fiber-type compositions. The biceps brachii is composed of both slow-twitch, type I and fasttwitch, type 11 fibers in about equal proportions (8) , while the soleus has 70-80% slowtwitch, type I fibers (8, 14) . For adductor pollicis, however, its contraction time does not seem to correlate well with its fiber-type composition, which is reported to be similar to that of soleus (20) . This composition has recently been confirmed independently by D. A. Jones and J. M. Round (personal communication). Histochemical analysis showed that 9 of 10 muscles contained over 85% type I fibers. A relatively short contraction time for adductor pollicis is consistent with the finding that the force/frequency relationship for this muscle during synchroneous nerve stimulation is identical to that of other muscles of mixed fiber-type composition such as the quadriceps (15), the diaphragm (I), and sternocleidomastoid (28) .
All these results suggest that the adductor pollicis has a similar contractile speed to that of the biceps brachii. Moreover, the present experiments show that the motoneuron discharge rates for these two muscles are almost identical during maximal voluntary contractions, both in their mean value and their overall range.
Excitation rate, contractile speed, and tetanic fusion
Our results show that the upper limit of motoneuron firing rates in response to maximum voluntary effort varies for different muscles in proportion to their contraction time, rather than with the motor-unit types of which each is composed. In previous studies on the adductor pollicis muscle, we have suggested that during contractile slowing with fatigue, the same close relationship between motoneuron firing rate and contractile speed is still maintained. When a maximal contraction was sustained for 60 s, the average motoneuron firing rate decreased from 27 to 14 Hz (4). However, during this period the muscle relaxation rate also declined by about 50%, suggesting that the degree of tetanic fusion remained unchanged (5). This conclusion was supported by the finding that the force from the voluntary efforts continued to match that from supramaximal tetanic nerve stimulation throughout the fatigue period despite the reduced motor drive (electromyogram; EMG). These experiments together with those described above suggest that whatever factor(s) limit motoneuron discharge rates, it is not a 1 5); the dotted line that predicted for the soleus muscle, assuming that stimulation at 10.7 Hz, its mean discharge rate, also generates 85% of the total maximum force. Arrows indicate the fraction of the maximal force that would be generated by each muscle when stimulated synchroneously at its mean discharge rate during MVC. unique property of the motoneurons them-Regulation of force in voluntary and selves, since the upper limit, and hence the stimulated contractions range of discharge rates, can change to meet changes in the contractile speed of the muscle In Fig. 8 , for each of the three muscles exfibers they supply. Implicit in this hypothesis amined, a comparison is shown of a) the range is the possibility that each motoneuron pool of motor-unit contractile speeds (expressed as limits its range of discharge rates to those that the mean rate of rise of twitch tension (P,/ are only just sufficient to reach tetanic fusion. CT); b) the range of motoneuron firing rates observed during maximal voluntary efforts; and c) the percentage of maximum tetanic force generated when the adductor pollicis muscle is stimulated at different rates. For each muscle the range of individual fiber bundle firing rates varies with the range of motorunit rate of rise of twitch tension. It is therefore tempting to speculate that the discharge rate C for each motor unit may be closely related to the contractile speed of its constituent muscle fibers rather than to that of the muscle as a c whole.
For both the adductor pollicis and ,biceps brachii muscles the mean firing rates were about 30 Hz (Fig. 8B) . However, for adductor pollicis, the motor nerve must be stimulated at 50-80 Hz to match the force of these voluntary contractions (5, 15) . Synchronous motor nerve stimulation at 30 Hz generates only 85-90% of that force (arrow in Fig. 8C ). In voluntary contractions the remaining 10-15% of the maximum force is probably contributed by the activity of those motor units (presumably the fastest) that require discharge rates up to 50 Hz for full force production. Some other units presumably have contractile speeds that allow equally full activation at only 15-20 Hz. This suggests that for adductor pollicis, the wide range in firing rates during MVC is sufficient to accommodate an equally wide range of contractile properties within the total unit population. Further, a comparison of the range of motoneuron firing rates with the force generated by nerve stimulation at different excitation frequencies suggests that none fire at markedly supratetanic rates.
Although the stimulated force/frequency relationship for biceps brachii has not been determined, it is probably similar to that shown in Fig. 8C for adductor pollicis, since identical curves have also been demonstrated . for other muscles of comparable fiber composition (1, 15, 28) . Thus, a similar argument can probably be applied. In the soleus muscle, motoneurons discharge at 6-10 Hz when first recruited; yet their mean rates only increase to 10.7 Hz during maximal voluntary contractions despite evidence that the muscle was then fully activated. It seems impossible that such low rates could be supratetanic. For slow muscles such as soleus, no satisfactory human force/ frequency relations have so far been derived during maximum muscle stimulation. If we assume that synchroneous stimulation at its mean MVC discharge rate, i.e., 10.7 Hz, would also generate about 85% of its maximum tetanic force, then its overall forceifrequency relationship must be shifted substantially toward lower frequencies, as shown in Fig. 8C (dotted line) . The steepness of such a relationship suggests that, in this muscle, rate coding as a means of force modulation is relatively ineffective. Once recruited, each motor unit would generally respond with near maximal force, and force modulation must therefore depend mainly on recruitment of additional units. For adductor pollicis and biceps brachii, on the other hand, the less steep force/frequency relationship allows rate coding to play an important role in force gradation, particularly for the fastest units.
We conclude from these results that during voluntary contractions, the motoneuron discharge rates are limited to those just sufficient to generate maximal force. This, in turn, must optimize the sensitivity of motor control, since no useful purpose would be served by any further increase in discharge rate. It is thus not surprising that the firing rates observed during MVC of different human muscles varied in relation to their contractile speed.
